Fundamentals and applications of the photocatalytic treatment for the removal of industrial organic pollutants and effects of operational parameters: A review J. Renewable Sustainable Energy 2, 042701 (2010) Static and flowing regions in granular collapses down channels: Insights from a sedimenting shallow water model Phys. Fluids 19, 106601 (2007) Newly designed graded screen array for particle size measurements of unattached radon decay products Rev. Sci. Instrum. 75, 783 (2004) Real-time atomic absorption mercury continuous emission monitor Rev. Sci. Instrum. 74, 3774 (2003) Additional information on Rev. Sci. Instrum. This manuscript describes the design, characterization, and operational range of a test stand and high-output aerosol generator developed to evaluate the performance of 30ϫ 30ϫ 29 cm 3 nuclear grade high-efficiency particulate air ͑HEPA͒ filters under variable, highly controlled conditions. The test stand system is operable at volumetric flow rates ranging from 1.5 to 12 standard m 3 / min. Relative humidity levels are controllable from 5%-90% and the temperature of the aerosol stream is variable from ambient to 150°C. Test aerosols are produced through spray drying source material solutions that are introduced into a heated stainless steel evaporation chamber through an air-atomizing nozzle. Regulation of the particle size distribution of the aerosol challenge is achieved by varying source solution concentrations and through the use of a postgeneration cyclone. The aerosol generation system is unique in that it facilitates the testing of standard HEPA filters at and beyond rated media velocities by consistently providing, into a nominal flow of 7 standard m 3 / min, high mass concentrations ͑ϳ25 mg/ m 3 ͒ of dry aerosol streams having count mean diameters centered near the most penetrating particle size for HEPA filters ͑120-160 nm͒. Aerosol streams that have been generated and characterized include those derived from various concentrations of KCl, NaCl, and sucrose solutions. Additionally, a water insoluble aerosol stream in which the solid component is predominantly iron ͑III͒ has been produced. Multiple ports are available on the test stand for making simultaneous aerosol measurements upstream and downstream of the test filter. Types of filter performance related studies that can be performed using this test stand system include filter lifetime studies, filtering efficiency testing, media velocity testing, evaluations under high mass loading and high humidity conditions, and determination of the downstream particle size distributions.
I. INTRODUCTION

A. General description of HEPA filters
High-efficiency particulate air ͑HEPA͒ filters are employed in a wide range of emission control applications, particularly when radioactive materials are involved. Within the U.S. Department of Energy ͑DOE͒ complex and the nuclear power industry, nuclear grade HEPA filters are utilized in applications such as particulate matter removal from ventilation air, treatment of off gases from radioactive waste incinerators, and treatment of off gases from storage or remediation of mixed wastes. The reliable function of HEPA filters is essential as they are often the final element in the treatment of exhaust streams before release to the environment.
HEPA filters are required to remove in excess of 99.97% of particles 0.3 m in diameter, and filter compliance has traditionally been determined by measuring the penetration of a thermally generated dioctyl phthalate ͑DOP͒ aerosol through the filter. 1, 2 The filter media contained in a HEPA filter consists of a fibrous glass sheet manufactured by a process similar to papermaking. The assembled HEPA filter unit consists of a rigid enclosure that completely encloses the fan folded filter media with individual pleats physically separated by mechanical means such as corrugated metal separators. American Society of Mechanical Engineers ͑ASME͒ AG-1 Code, Section FC, provides requirements for the performance, design, construction, acceptance testing, and quality assurance for HEPA filters used in nuclear safety-related air or gas treatment systems in nuclear facilities. 1 HEPA filters are taken out of service when an excessive amount of material has accumulated on the filter. The decision to remove a filter from service is based on the pressure differential across the filter, generally when the pressure drop ͑⌬P͒ reaches or exceeds 1244 Pa. 3 For the most common filter size in DOE facilities, 61ϫ 61ϫ 29 cm 3 , 500 g represents a reasonable estimate of the amount of material collected on a HEPA filter when it is removed from service. The exact amount will vary, however, because the indicator for replacement is ⌬P, not mass. Additionally, the degree of particle surface loading versus depth loading, which is dependent on particle size, will influence filter lifetime.
B. The ICET HEPA filter test stand and test objectives
We have designed and constructed a HEPA filter test stand and aerosol generator to facilitate HEPA filter perfora͒ Author to whom correspondence should be addressed: electronic mail: alderman@icet.msstate.edu mance related studies. This system is referred to as the Institute for Clean Energy Technology ͑ICET͒ HEPA filter test stand. The intent of this manuscript is to completely describe the design, fabrication, and characterization of the ICET HEPA filter test stand. Additionally, representative data will be provided illustrating the utility of the test stand.
Test objectives include evaluating the effect of variability in standard operating conditions on HEPA filter performance. Variable parameters that are controllable using the ICET HEPA filter test stand include ͑1͒ particle size distribution ͑PSD͒ and mass loading rate of the aerosol challenge, ͑2͒ water solubility of the particles, ͑3͒ chemical composition of the aerosol challenge to include smoke, ͑4͒ temperature of the aerosol stream, ͑5͒ level of relative humidity ͑RH͒, and ͑6͒ filtration flow rate/media velocity.
The test stand is intended to provide information that will be of benefit to a variety of customers. While the predominant use of the ICET HEPA test stand will be the evaluation of nuclear grade filters, the unit has equivalent applicability for non-nuclear filtration systems. Initial data sets collected with this apparatus have been used to demonstrate aerosol concentrations and particle size distributions downstream of HEPA filters for comparison with performance capabilities of commercially available continuous emission monitors ͑CEMS͒ for particulate matter. This was of particular relevance to the implementation of the hazardous waste combustor maximum achievable control technology ͑HWC MACT͒ over the past six years. The test stand is currently being used to evaluate the performance of nuclear grade HEPA filters with respect to media velocity for the purposes of enhancing filter loading models and providing a basis for potential changes in the AG-1 standard. Data are also being collected to demonstrate the influence of particle size distributions on filter loading to be used during the design phase of filtration systems. Finally, this system has been designed and scaled to facilitate comparison of aerosol measurement techniques ranging from research instrumentation to EPA standard reference methods for stack analysis.
II. EXPERIMENTAL CONSIDERATOINS GOVERNING TEST STAND DESIGN
A. Scale of testing
The dimensions of a typical glass fiber nuclear grade HEPA filter operating in a DOE facility are 61ϫ 61 ϫ 29 cm 3 , which is rated for an air flow of 28 standard m 3 / min. A major focus area of our test objectives entails evaluating filter performance under high mass loading rate conditions, defined here to be approximately 25 mg/ m 3 . In order to meet this mass loading rate at 28 standard m 3 / min, approximately 850 mg/ min of dry particulate matter entrained in the test flow stream would be required. While the condition could easily be achieved with a powder feeder, PSD requirements that satisfy our testing objectives mandate an atomization process for aerosol generation. No commercially available aerosol generators produce such mass loading rates for the prescribed PSD and this would most likely hold true for an in-house designed and fabricated aerosol generator.
Due to limited space and aerosol generation requirements, it was determined that a 30ϫ 30ϫ 29 cm 3 HEPA filter would sufficiently meet test objectives. These filters operate at a nominal flow rate of 7 standard m 3 / min, and as a result, the targeted mass loading rate of 25 mg/ m 3 can be achieved with a much smaller amount of aerosol challenge. The mass flow rate of the aerosol challenge needed is approximately 212 mg/ min. While this is four times less than the amount required to challenge a 61ϫ 61ϫ 29 cm 3 HEPA filter at the required mass loading rate, it is still approximately 10 times the output of commercially available units.
A review of the literature provides numerous evidences of experimentation making use of flat-sheet media [4] [5] [6] and data collected from full scale filters. [7] [8] [9] Such experimentation includes both static and dynamic evaluations of filter performance. However, no equivalent system to the one described in this article has been identified. The significance of this system is its ability to bridge between data collected using flat sheets under highly controlled conditions and data collected at full scale under facility operating conditions. Although the test stand described here utilizes filters smaller than those used in extremely large scale systems, data collected with our apparatus are highly controlled and reflect real world conditions. Further, a wide variety of filter sizes is employed in nuclear and non-nuclear environments ranging from less than 0.03 to greater than 28 standard m 3 / min flow rates.
B. Test stand and aerosol generator performance criteria
The desired performance criteria governing the design of the test stand, with respect to parameters such as volumetric flow rate, RH levels, temperature of the aerosol stream, and aerosol sampling locations are relatively straightforward and include ͑1͒ control of volumetric flow rates from 1.5-12 standard m 3 / min ͑7 standard m 3 / min, nominal͒, ͑2͒ inlet air temperature control from ambient to 150°C, ͑3͒ control of RH between 15% and 100%, ͑4͒ port availability for making multiple, simultaneous measurements upstream and downstream of the filter, and ͑5͒ the need for particle injection without either introducing swirl into the test stand or excessively increasing RH. The experimental consideration governing the performance of the aerosol generation systems are, however, somewhat more demanding.
The Nuclear Air Cleaning Handbook ͑NACH͒ states that a prefilter should be employed when the potential dust concentration in air leading to the HEPA filter cleaning system exceeds 20 mg/ m 3 and recommends that a prefilter should be considered when dust concentrations are expected to exceed 2.3 mg/ m 3 . 3 The NACH also recommended that HEPA filters be protected from particles larger than 2 m.
3 Estimates indicate that the majority of aerosol coming in contact with a HEPA filter is composed of particles less than 1 m in diameter as a result of efficient upstream prefilters and air pollution control devices such as bag houses or wet scrubbers. 10 An important experimental consideration is that air filters do not remove aerosol particles of differing diameters with equal efficiencies and have a particle size that most easily passes through the filter media, called the most penetrating particle size ͑MPPS͒. 11, 12 The MPPS for HEPA filters is typically on the range of 130-150 nm in aerodynamic diameter. For our test objectives, it is highly desirable to be able to match the geometric count mean diameter of the challenge aerosol to the MPPS of the filter under test conditions.
Another desirable attribute of the aerosol generating unit is the ability to "tune" the PSD to match the filter penetration curve. This means that the count median diameter of the generated aerosols should be variable from approximately 120 to 150 nm. The geometric standard deviation ͑GSD͒ is a dimensionless quantity that provides a measure of how monodisperse the PSD is. Monodisperse aerosols will have a GSD of 1.0-1.3. Aerosols generated by atomization and drying will be much more polydisperse and a reasonable target value of the GSD for the test generator is 2.0.
One of the more challenging aspects of the project was the construction of an aerosol generation system capable of producing aerosol streams to rigorously challenge, in a timely manner, a filtration system comparable to that found in industrial applications. Particularly formidable was the task of producing a stable mass loading rate of approximately 25 mg/ m 3 into 7 standard m 3 / min, with a challenge aerosol largely composed of particles near the MPPS for HEPA filters. To illustrate the effect that particle size has on its mass consider the following comparisons: A 3 m particle weighs 27 times more than a 1 m particle of equivalent density and 2.7ϫ 10 5 times more than a 0.1 m particle of equivalent density. Thus, to achieve our targeted mass loading rate, the appropriate aerosol generation system must be capable of generating a high particle number concentration, on the order of 1 ϫ 10 5 /cm 3 entrained into a flow of 7 standard m 3 / min. A compounding requirement is that the aerosol stream needs to be produced as efficiently as possible. Because RH in the range of 5 -90+ % is required for filter testing, a minimal amount of water can be fed into the test stand. Finally, the generator must be able to maintain a stable PSD and loading rate for the duration of a full day's testing that can entail as much as 12 h of continuous operation.
An additional aspect of evaluating filter performance is the utilization of aerosol challenges of differing chemical and physical nature. Thus, it is desirable that the generator be capable of producing aerosol streams derived from several aerosol source materials. In addition, the aerosol must be as dry as possible when it comes into contact with the HEPA filter in order to simulate conditions in an off gas stream at a DOE facility.
III. PHYSICAL DESCRIPTION OF TEST STAND SYSTEM
A. Test stand ductwork
A rendering showing the major components of the test stand and positioning of the high-output aerosol generator is shown in Fig. 1 . The test stand ductwork is made of 15.2 cm 316L stainless steel tubing ͑inner diameter of 14.6 cm.͒ that has been electropolished on the inside to 10 Ra to minimize particle deposition on the walls. Sections of ductwork are joined using ConFlat style vacuum flanges to prevent outside air infiltration and facilitate leak testing of the test stand. The unit was constructed in a manner that facilitates cleaning all interior surfaces of the system. This included not only how the unit was assembled but also such aspects as control of static electricity and polishing of the surfaces to facilitate cleaning. The need for input air to the system to be dry increases the potential for air flow to induce the buildup of static charge on the duct walls of the test stand. Many materials that would normally be considered very clean must be considered as a potential source, or possibly a sink, for particles. To whatever extent possible, materials that were either dielectric or tend to oxidize at test temperatures were avoided and care was taken to ensure the grounding of the test stand components to minimize the wall loss of aerosol.
The primary ICET facility leak testing is governed by Section 6.5.3 of Testing of Nuclear Air Treatment Systems ASME N510-1989 which specifies a Duct and Housing Leak Rate Test ͑pressure decay method͒. 13 Permissible leak rates under Appendix B of ASME N509-1989 are 0.1% for ducting and 0.1% for housing of the total system rated flow, which totals 0.01 standard m 3 / min for our rated flow of 7 standard m 3 / min. 14 Leak testing is performed on the system every time the facility is taken apart for cleaning or for other major maintenance. Leak rates on the order of 0.002 standard m 3 / min or lower are attained for tests conducted with the pressure decay method.
The HEPA filter undergoing testing is housed in a stainless steel unit manufactured by Flanders Inc, model number KG1-1HW1-CCF-304-D1͑SP͒, shown in Fig. 1 . It accommodates a standard 30ϫ 30ϫ 29 cm 2 HEPA filter with a front face gasket. A dual set of differential pressure transducers along with a magnehelic pressure transmitter determines the differential pressure across the test HEPA filter.
B. Inlet air conditioning, flow rate measurement, and control
Inlet air is drawn into the test stand by a Spencer 6 kW vortex induced draft blower located at the terminal end of the test stand. Inlet air passes through an 85% American Society of Heating, Refrigerating, and Air Conditioning Engineers ͑ASHRAE͒ filter, a nuclear grade HEPA filter, and an ul- 
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HEPA filter test stand system Rev. Sci. Instrum. 78, 085105 ͑2007͒ tralow particulate air ͑ULPA͒ filter ͑see Fig. 1͒ to remove ambient aerosols to below detectable levels. Background aerosol concentration measurements are generally on the order of 10 −3 particles/ cm 3 . The volumetric flow rate is regulated through an automated system using a Hayward pneumatic butterfly valve and VRC actuator.
The conditioned air enters the upstream measurement train of the test facility through a 15.2 cm diameter venturi flow meter which provides flow rate measurements. A venturi flow meter similar to the upstream one is located downstream of the last test section. Comparison of measurements from the two flow meters is used as a check for infiltration of air into the system during testing and allows both redundancy and verification of measurements. Measurements made in accordance with EPA reference method 1A 15 using a standard Pitot tube and inclined manometer demonstrate acceptable uniform air flow ͑within 85%͒ across the upstream test stand duct.
Relative humidity measurements are made upstream of the test filter housing with a Vaisala HMP-238 transmitter. A Hankison Model HHS-260 regenerative desiccant compressed air dryer is used to provide dry air to the front end of the test stand when RH levels less than ambient are desired. Compressed air for the dryer is supplied from a Joy 8.2 m 3 / min rotary screw air compressor. Elevated RH levels are achieved through the injection of water using an ATI PSL aerosol generator. Air to the test stand can be heated up to 150°C by directing air from two 100 kW combined immersion air heaters into the test stand.
C. Test aerosol measurement locations
Upstream aerosol measurements can be conducted at any four sets of dual opposing 7.6 cm ports. Note from Fig. 1 that two sets of the dual opposing ports, located immediately upstream of the HEPA filter test housing, are in a four-way cross configuration. Two sets of dual opposing 7.6 cm ports are available for making aerosol measurements downstream of the filter housing. The downstream aerosol measurement section is also equipped with sensor fitting ports.
Because multiple upstream and downstream aerosol measurements are routinely made, it was important to verify the existence of equivalent sampling locations. In addition to the EPA reference method 1A measurements described above, verification of the absence of cyclonic flow was conducted according to 40 CFR 60, Appendix A, Method 1 using a type S Pitot tube and inclined manometer. The Pitot was placed in the duct at each traverse point as dictated by reference method 1A so that the face openings of the Pitot tube were perpendicular to the duct cross sectional plane. 15 The average absolute value of the rotation angle ͑measured at ten traverse points͒ required to produce a null, 0°, was 4.8°. Method 1A specifies that rotation angle absolute values of Ͻ20°indicate noncyclonic flow.
D. Aerosol generation chamber
The major components of the ICET high output aerosol generator are an air-atomizing nozzle, aerosol generation chamber, drying air oven, a drying air or sheath air halo, a heated stainless steel transfer line, a cyclone to reduce the upper range of the PSD of the test aerosol, and a final delivery tube connecting the system to the test stand. These components are shown in Fig. 2 .
Aerosol source material is introduced into the generation chamber from the top center as an aqueous solution or insoluble slurry utilizing an air-atomizing nozzle. The nozzle assembly and other components associated with the introduction of aerosol source material are described in detail at a later point. The aerosol generation chamber, which is a cylindrical stainless steel tank 76 cm in diameter and 97 cm in height, provides sufficient volume necessary for drying aerosol particles.
Drying air, or sheath air, is introduced into the chamber via a 66 cm diameter halo constructed from 2.5 cm copper tubing that follows the inner diameter of the chamber and stands off the wall and top by 2.5 cm. Drying air is directed downward along the wall of the chamber and horizontally across the top of the chamber to serve as sheath air and minimize wall deposition of particles. Drying air exits the halo in a direction parallel to the chamber walls through 0.5 cm holes spaced approximately 2.5 cm apart. Air is also directed perpendicular to the chamber walls via 0.5 cm holes spaced 30.5 cm apart. Airflow through the halo is controlled at 130 l / min using an Aalborg mass flow controller.
Air supplied to the halo ring is conditioned by passing it through a Hankison DH-60 dual column desiccant bed air dryer and then heating it. The dew point of the air leaving the air dryer is −40°C. The air is heated by passing it through a 6 m coil of copper tubing placed inside an insulated oven manufactured by Apex instruments. The oven is heated by three finned slug heaters that heat the chamber to a temperature of 200-260°C. The temperature of the air stream as it exits the sheath air halo at the top of the generation chamber is nominally 65-95°C. In addition to the drying/sheath air, the thermophoretic wall loss of particulate matter is lessened by heating the walls of the tank to approximately 70°C ͑measured at the wall exterior͒ using dual element heat tape strips ͑2.4 m ϫ 1.3 cm͒ spaced approximately 18 cm apart. The location of all points at which temperature is monitored
is shown in Fig. 2 and Table I provides the range of the corresponding operating temperatures. All temperature measurements are made using type K thermocouples. Aerosol exits the main chamber of the generator via a 2.5 cm diameter stainless steel tube located approximately 25 cm from the bottom of the tank. This tube extends from the midpoint of the generation chamber to the chamber exterior. The temperature of the aerosol stream as it exits the generator is approximately 65°C. An additional 2.5 cm diameter transfer line connects the exit of the generator with the inlet flange of either the test stand or a cyclone for reducing the population of larger particles. This transfer line is heated to an external temperature of 200°C in order to ensure that the aerosol stream is completely dry before entering the test stand or cyclone. A complete description of the cyclone is provided in a subsequent section of the manuscript.
The distance from generator exit to the midline of the cyclone is 1.6 m and from the midline of the cyclone to the test stand inlet is 38 cm. The test stand is maintained at subatmospheric pressure, thereby permitting airflow from the generator, through the cyclone and into the test stand. Aerosol enters the test stand duct 25 diameters ͑3.8 m͒ from the front face of the HEPA filter. This provides adequate distance for the aerosol stream to be well mixed with test stand inlet air prior to reaching the front face of the HEPA filter.
E. Aerosol source material atomization
Solutions or slurries of the aerosol source material are introduced into the chamber using a Spraying Systems external mix air-atomizing nozzle assembly positioned at the top midline of the chamber that protrudes downward approximately 15 cm into the chamber. The nozzle assembly, shown in Fig. 3 , is composed of a J-series nozzle body fitted with a model 1650 fluid cap and a model 1153-64 air cap. All components are made of stainless steel. This assembly produces a hollow, cone-shaped, round spray pattern. Being an external mix nozzle, the test liquid and compressed air flow through separate chambers in the nozzle and make initial contact upon exiting the nozzle.
Compressed air is supplied to the nozzle from a desiccant bed air dryer and maintained at a nominal rate of 30 l / min at 345 kPa with an Aalborg mass flow controller. Aqueous solutions of the source material are supplied to the nozzle using an Ismatech magnetic drive gear pump operating at 60 rpm, which corresponds to a liquid flow of approximately 5.5 ml/ min. The aerosol generator is capable of producing aerosol from a variety of challenge agents. 0.3%, 3.0%, and 30%, by weight, solutions of potassium chloride ͑KCl͒, sodium chloride ͑NaCl͒, sugar, and ferrous sulfate ͑FeSO 4 ͒ have been used to generate aerosols of varying PSD and particle density.
A surrogate material developed for testing of a Radioactive Isolation Consortium ͑RIC͒ melter is also routinely utilized as a challenge agent. This sludge, formulated for RIC by NOAH Technologies of San Antonio, TX, is Fe͑III͒ rich. Other major constituents include aluminum hydroxide, zirconium basic carbonate, strontium hydroxide, zirconium hydroxide, and oxalic acid. Because of its Fe͑III͒ content, particle size, and availability, it has been found to be an excellent source from which to produce a water insoluble challenge aerosol. The composition of metal species in the RIC surrogate is shown in Table II . It should be noted that this material requires continuous stirring during introduction to the atomizing nozzle and requires the use of a peristaltic pump, as its basic and gritty nature quickly destroys the Kevlar gears of the gear pump used to introduce the water soluble solutions.
F. Postgeneration cyclone
A cyclone with a d 50 cut point of 3 m is located between the aerosol generator and the test stand and was constructed in-house. The design parameters were calculated based on a manuscript published by Kenny and Gussman. 16 The cyclone is designated as an extra-sharp-cut point cy- clone and exhibits a flat, rather than cylindrical base and has a simple geometry for ease of construction and low maintainence. 16 Through least-squares fitting of empirical data, Kenny and Gussman derived the following equation:
where D 50 is the penetration cut point in micrometers, D c is the cyclone inner body diameter in centimeters, Q is the flow rate in l/min, and a and b are empirical constants. The authors used room temperature and standard atmospheric pressure air in their experiments. Also, they converted their results from actual particle diameter to aerodynamic diameter that assumes a particle density of 1 g / cm 3 . Our cyclone is to be used at elevated temperatures, thus a different gas density and viscosity from ambient and with particles having a density of approximately 2 g / cm 3 . However, detailed dimensional analysis performed to determine a scaling factor for D c proved these differences to be negligible, due to the scaling factor for temperature and density effectively canceling the other out. 18 The schematic in Fig. 4 provides the dimensions of the cyclone.
Empirical observations verify that the targeted 3 m cut point was realized, as illustrated in Fig. 5 . Here the ratio of particles measured with and without the cyclone in place, normalized to yield 1 at 0.835 m, is shown as a function of particle size. In this particular case, a 30% KCl solution was utilized as the aerosol source material and the test stand was operating at 7 standard m 3 / min. It should be noted that even with the cyclone not in place, the number of particles greater than 3 m makes up an extremely small fraction, by number, of the typical aerosol streams produced with the generator. However, the effective removal of such particles is extremely important as they would make an appreciable contribution to the aerosol stream on a mass basis. Electrical low pressure impactor measurements indicate that the mass mean diameter ͑MMD͒ of the aerosol stream with the cyclone in place is in the range of 1.0-1.3 m. With the cyclone removed, the MMD is typically 3.1-3.5 m.
G. Data control and acquisition
Parameters such as the static pressure within the test stand, flow rate, venturi ⌬P, temperature, RH, ⌬P across the filter, and other data are acquired, logged, and periodically backed up onto a data server through the use of a personal computer. These data are typically collected at 5 s intervals. Control of the test stand is provided through a Lon Works control network. Control networks offer many advantages over traditional centralized control systems. By using a network bus topology, long wire runs to a central controller are eliminated. A wide range of network media, including twisted pair, RF, and power line, is available to fit most environments and bandwidth requirements. Since each network node is self-contained, a single point of failure will not bring down the entire system. The control network for the HEPA Test Stand consists of Lon Works nodes for various control and monitoring functions. Each node contains all of the logic for its specific task and scales all measured signals internally to engineering units.
The supervisory control and data archival for the test stand is handled by WonderWare InTouch software. InTouch provides a graphical representation of the system, real-time and historical trending, alarming, and data archival facilities. Process data are collected from the Lon Works network using network dynamic data exchange ͑NetDDE͒ over the Ethernet local area network ͑LAN͒. 
IV. PERFORMANCE CHARACTERIZATION
A. Aerosol measurement instrumentation utilized for generator evaluation
The primary instrument utilized for measuring the PSD of the aerosol stream is a TSI 3936-L22 scanning mobility particle sizer ͑SMPS͒. This unit has a sampling rate of 0.3 l / min and scans the region between 16.5 and 583 nm. The SMPS has 64 channels per decade of particle size, an upper concentration limit of 10 8 particles/ cm 3 , and a measurement range encompassing the vast majority of particles, by count, of our aerosol streams. This combination of attributes is ideal for characterizing the PSD of the aerosol stream.
The SMPS operates by passing the aerosol stream through a differential mobility analyzer that segregates the aerosol based on electric mobility and outputs a monodisperse aerosol that is counted with a condensation particle counter ͑CPC͒. Individual PSD plots are generally acquired utilizing a 75 s scan time. Aerosol statistics such as the mean, mode, geometric mean, and total concentration are calculated by time-averaging many samples, although variation between the individual samples is minimal.
Although particles beyond the upper limit of the SMPS are relatively few in number, they account for the majority of particle mass. Therefore, particle mass concentration is determined utilizing an electrostatic low pressure impactor ͑ELPI͒, manufactured by Dekati. The ELPI sizes particles into twelve bins between 0.03 and 10 m aerodynamic diameter using a 13 stage cascading impactor. Aerosol entering the ELPI is diluted with two Dekati ejector-type diluters operating in series in order to increase the length of time that the impactor can remain in use before cleaning becomes necessary. The dilution factor is variable from approximately 70-150.
A TSI Model 3321 aerodynamic particle sizer ͑APS͒ is also employed for aerosol mass concentration measurements. The APS 3321 sizes particles based on aerodynamic diameter in the range of 0.5-20 m with 32 channels per decade of particle size and samples at a rate of 1 l / min. The APS allows for a maximum particle number concentration of 1 ϫ 10 3 particles/ cm 3 ; therefore, the aerosol stream is passed through a TSI Model 3302A diluter with a 100ϫ dilution factor prior to measurement.
Downstream particle concentration measurements are made using a TSI Model 3010 CPC. Additional downstream concentration measurements and PSD measurements are made with a Particle Measuring Systems laser particle counter, which segregates particles ranging from 0.07 to 1 m in seven bins. Particles larger than 1 m are counted in an oversize bin; however, particles Ͼ1 m generally make a negligible contribution to the PSD downstream of a properly functioning HEPA filter.
B. Optimization of generator operation parameters
Variable parameters that can affect the aerosol generator performance include the air flow rate to the nozzle, the liquid flow rate to the nozzle, and the air flow rate of the sheath air. Table III gives the combination of parameters that have been found to produce an optimal aerosol output. These parameters were chosen by systematically varying the input parameters. Table IV illustrates the dependence of the PSD statistic on air flow rate to the nozzle. On increasing air flow to the nozzle, the geometric count mean diameter, mode, and geometric standard deviation remain statistically constant. However, there is a pronounced increase in the number of particles per cubic centimeter of aerosol sampled. Since we desire a high particle concentration, and in turn, a high mass loading rate, we utilize a nozzle air flow rate of 30 l / min for the majority of our studies.
During analogous tests, we found that increasing the rate of liquid supply to the nozzle had no effect on the PSD or particle number density, nor did increasing the rate at which the drying sheath air was supplied to the chamber. Thus, in keeping with minimizing the amount of moisture and excess air that enter the test stand via the generator, the sheath flow and liquid flow are nominally those shown in Table III .
Maintaining the sheath air at the point at which it enters the generation chamber and the chamber walls at 95 and 70°C, respectively, produces a fully dry aerosol stream. This was verified by taking background humidity measurements just upstream of the point at which the aerosol enters the test stand and noting no increase or a very minimal increase in humidity during aerosol generation. Figure 6 demonstrates the variability in PSD upon atomizing and drying a 0.3%, 3.0% and 30% ͑w/w͒ solution of potassium chloride. The typical PSD resulting from atomization of the RIC surrogate is also shown in Fig. 6 . Although not illustrated via a PSD plot for each, Table V presents the statistical parameters describing aerosols derived from a variety of source materials. It should be pointed out that the PSDs shown in Fig. 6 and the statistical parameters presented in Table V 
C. Particle size distributions and mass loading rate
Because all droplets exiting the atomizing nozzle are reduced by the same factor, the GSD of the droplets exiting the nozzle should mirror the GSD of the resulting dry aerosol. Examination of the PSD plots in Fig. 6 and the values listed in Table V It must be taken into account that the region in which the aerosol is produced is not the location at which aerosol sampling/filter testing takes place. The residence time within the aerosol generation chamber necessary for sufficient drying of the aerosol particles can facilitate polydisperse agglomeration. The relatively fast motion of small particles ͑Ͻ75 nm͒ combined with the relatively large impaction surface of larger particles will effectively remove the small particles from the aerosol stream. Additionally, the increased mobility of small particles will facilitate their removal, not only through contact with the generation chamber walls, but also in the transfer line and cyclone connecting the generation chamber to the test stand.
Conversely, larger particles are removed due to gravitational settling in the generation chamber and transfer line and in the cyclone. Thus, the combined removal of particles at each extreme of the PSD essentially creates an aerosol penetration curve, evidenced by the relative closeness of the geometric mean diameters derived from the various solution concentrations, as shown in Table V . However, through the use of the various precursor solution concentrations, we are able to adjust the count mean diameter of the aerosol challenge over the HEPA filter MPPS region.
The reproducibility of the aerosol PSD by the ICET high-output aerosol generator is demonstrated in Fig. 7 . Shown are the PSDs obtained from 27 individual runs which were collected over several months of filter evaluations. An indication of the typical stability of the aerosol generator, with respect to mass loading rate, is shown in Fig. 8 . Figure 9 demonstrates control and variability of RH levels in the test stand on a time resolved basis. The RH level was increased by the introduction of atomized water droplets FIG. 6. Log normal particle size distributions produced from 0.3%, 3%, and 30%, by weight, KCl solutions. Also shown is the PSD derived from RIC surrogate, a largely water insoluble slurry meant to simulate iron sludge commonly found in radioactive tank waste. A compilation of 27 PSD plots derived from 30% KCl demonstrating the reproducibility of the generator with respect to the PSD. These measurements were made using a scanning mobility particle sizer.
V. REPRESENTATIVE DATA OBTAINED WITH THE TEST STAND SYSTEM
directly into the upstream test stand section. Also shown is the differential temperature ͑⌬T͒ response as a function of the upstream RH level. The ⌬T curve was generated by making air stream measurements upstream and downstream of the HEPA filter. The upstream air temperature was maintained at 90°C. Upon the addition of liquid water, the air temperature downstream of the HEPA filter was observed to decrease relative to that of the upstream temperature, indicating that the filter was essentially acting as an evaporative cooler. Figure 9 reflects one aspect of the utility of our test stand in that it shows the more rapid response of thermocouples to changes in RH than that of conventional RH probes. Figure 10 illustrates the correlation of ⌬P across the filter versus the calculated mass of aerosol collected by the filter as a function of challenge particle size. Curves are shown for aerosol challenges composed of KCl generated with ͑MMDϳ 1.5 m͒ and without ͑MMDϳ 3.5 m͒ the cyclone and of flame generated soot ͑MMDϽ 1 m͒; aerosols with significantly differing PSDs. The projected mass collected values were calculated by scaling the cumulative upstream particle concentration measurements by the gravimetrically determined weight gain of the filters. The end points on the graph in Fig. 10 represent measurements of the filter weight gain. This figure demonstrates the type of data that can be collected with respect to filter lifetime as a function of PSD. Figures 11 and 12 show representative filter test data obtained by utilizing a KCl aerosol challenge derived from a 30% by weight solution with the cyclone in place. Figure 11 shows filter efficiency curves as a function of filter ⌬P measured over a range of filtration media velocities. Figure 12 depicts the initial downstream geometric count mean diameter as a function of media velocity and the evolution in the downstream geometric mean diameter as the filter loads. These figures represent the ability of the ICET HEPA test stand to be used for both static testing and lifetime studies of filters.
VI. SUMMARY
We have successfully designed and constructed a test stand and aerosol generator to facilitate performance evaluations of nuclear grade HEPA filters as a function of aerosol challenge and flow rate conditions. The major performance measures of the test stand are summarized below: ͑2͒ Inlet air temperature can be varied from ambient to 150°C. ͑3͒ Control of RH from 5%-100% RH. ͑4͒ Multiple ports are located upstream and downstream of the filter housing that provide equivalent sampling locations. ͑5͒ The aerosol inject port is appropriately located as not to introduce swirl into the test stand. ͑6͒ Excellent stability of operational set point, i.e., volumetric flow rates and RH.
A large variety of aerosol generating systems are commercially available. Most aerosol generation systems used in filter testing systems produce liquid aerosols such as DOP, poly alpha olefin, etc. While these systems can also be used in the production of dry aerosols, it is difficult to make a direct comparison of capabilities by utilizing literature data. Manufacturer's data describing commercially available units are often incomplete with respect to information essential to judging appropriateness for our type of applications. The ICET high-output aerosol generator was developed because we were unable to locate a commercially available system compliant with project performance criteria. To our knowledge, there are no commercially available generators that can achieve the mass output while producing an aerosol stream of the PSDs described here for the ICET high-output aerosol generator. The major performance measures of the generator are listed below:
͑1͒ The generator is capable of producing test aerosol streams of varying chemical and physical nature from several aerosol precursor materials. ͑2͒ The generator delivers a dry aerosol at the test filter face.
͑3͒
The generator produces the target mass loading rate of 25 mg/ m 3 in a flow of 7 standard m 3 / min. ͑4͒ The count mean diameter of the aerosol is variable in the range of the MPPS for HEPA filters ͑110-160 nm͒, with a geometric standard deviation of approximately 2.0. ͑5͒ Particle number counts at 7 standard m 3 / min are typically 2 ϫ 10 5 /cm 3 . ͑6͒ The use of a postgeneration cyclone limits the maximum particle size to 3 m. The cyclone can be removed to provide significant variability in mass mean diameter values. ͑7͒ Airflow entering the test stand due to the aerosol generation process is minimized to a level that introduces negligible cyclonic flow in the test section. ͑8͒ Liquid input from the aerosol generation process is minimized so that RH levels can be readily controlled.
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